Background. Recent population-based cohort studies have questioned the role of pneumococci as the most frequent pathogen causing severe infection in patients after splenectomy. The aim of the study was to define the causative pathogens and clinical presentation of patients with overwhelming postsplenectomy infection (OPSI).
Approximately 25 000 and 8000 splenectomies are performed annually in the United States and Germany, respectively [1, 2] . The total number of asplenic persons living in the United States is estimated at 1 million, a prevalence that is comparable to that of human immunodeficiency virus [1] . Following splenectomy, asplenic patients carry an immunodeficiency that predisposes them to life-threatening bacterial infections, also known as overwhelming postsplenectomy infection (OPSI). In a recent survey, the risk for hospitalization due to sepsis was 5-6 times higher in splenectomized patients than in other patients [3] . Earlier systematic reviews reported that >50% of OPSI cases are caused by Streptococcus pneumoniae [4, 5] , and pneumococcal vaccination has therefore been recommended as a standard of care for all patients undergoing splenectomy [1, 6, 7] . Until 2014, German guidelines recommended the vaccination of adults patients with splenectomy with the 23-valent pneumococcal polysaccharide vaccine and revaccination with the same vaccine every 5 years [8] . Antibiotic prophylaxis, on the other hand, is not routinely recommended in Germany for adult splenectomized patients [9] .
Recent population-based studies have found very few pneumococcal infections in patients following splenectomy, suggesting a shifting microbial epidemiology that is possibly associated with increasing pneumococcal vaccination coverage [10, 11] . However, most previous epidemiological information on the OPSI syndrome is based on single-center cohorts or case series [4, 5] . Furthermore, the definitions used for severity of infection and sepsis were not standardized, and individual vaccination status was never assessed. Population-based cohort studies [3, [10] [11] [12] have relied on hospital discharge codes, which might be affected by confounding due to variation in coding quality [13] .
We therefore conducted a prospective, multicenter cohort study including adult patients admitted with communityacquired severe sepsis or septic shock with or without asplenia to the intensive care unit (ICU) to assess the current clinical epidemiology, microbiology, and outcome in a region with low pneumococcal vaccination rates and before the widespread use of pneumococcal conjugate vaccines in adults.
METHODS

Study Design and Patient Selection
The Splenectomy, Pneumococcus, and Fulminant Infection Study (SPLEEN OFF) was a prospective cohort study performed between November 2011 and October 2013 at 173 German ICUs. The characteristics of participating ICUs are summarized in Supplementary Table 1 . The trial was approved by the ethics committee of each participating institution and is registered at the German Clinical Trials Register (identifier DRKS00000417).
Patients were eligible for the study when they were aged ≥18 years, and were admitted due to community-acquired severe sepsis or septic shock to one of the participating ICUs during the study period. Severe sepsis and septic shock were defined according to international consensus criteria and infection was considered community-acquired if symptoms occurred <48 hours after hospital admission [14, 15] . Patients with a missing spleen documented either in medical records or by imaging studies or patients with a rudimentary spleen in imaging studies and Howell-Jolly bodies in peripheral blood smears as a biomarker of splenic dysfunction were also included in the study [6] . As a comparison cohort, we identified patients without history of splenectomy/spleen dysfunction who were matched for the same age decade, sex, and type of ICU, otherwise fulfilling the same inclusion criteria. Patients presenting with healthcare-associated infection according to the definition of the US Centers for Disease Control and Prevention were excluded from the study population [15] . At least 2 independent sets of blood cultures on admission and after study inclusion were required. In addition, 2 ethylenediaminetetraacetic acid blood samples (drawn at different sites) and a serum and urine sample were obtained from each patient and sent within 48 hours to a central laboratory. Blood cultures were processed locally. Due to logistic constraints, we were unable to retrieve the information on pneumococcal serotypes of study patients.
Written informed consent was obtained from all patients or their legal representative. For patients from whom consent could not be obtained because of critical illness or the use of Figure 1 . Screening and inclusion process for patients in the study. Of the 9 patients who were lost to follow-up, 7 patients did not return phone calls and 2 patients moved without leaving further contact information. Abbreviation: ICU, intensive care unit.
sedative or anesthetic drugs, the ethics committees approved a provision for delayed consent. In such cases, a surrogate decision maker was fully informed as soon as possible. Either consent was then obtained, or the patient was removed from the study and all study-related procedures were terminated and collected data deleted.
Data Collection
The clinical and laboratory parameters collected and their definitions are described in the Supplementary Material. Survival and subsequent hospital admissions due to infection were recorded for study patients by telephone interviews up to 12 months after study entry. Completeness and consistency of the clinical data were validated through programmed electronic checks as well as by means of manual checks of plausibility and correctness by the primary study investigator (C. T.). Microbiology results and clinical data were reviewed for plausibility by 2 experienced infectious diseases specialists (W. V. K. and C. T.) blinded to patient allocation and independent of each others assessments and verdict.
Outcome Measures
The primary endpoint of the study was the proportion of patients with and without asplenia with severe sepsis/septic shock due to S. pneumoniae. Secondary endpoints were sepsis severity, frequency of purpura fulminans, days of mechanical ventilation, days on ICU and in-hospital, and 28-day and 1-year survival.
Sample Size and Statistical Analysis
The study was designed to detect a significant difference between patients with asplenia and patients without asplenia in the proportion of pneumococcal infection with a significance level of .05 and a power of 80%. Assuming a 50% pathogen identification rate, a proportion of 60% pneumococcal disease among pathogen-defined OPSI patients, and a 30% proportion among patients without asplenia, a sample size of 100 patients per group was required. No formal interim analyses were planned.
Continuous variables are reported as median values with interquartile ranges. The χ 2 test or the Fisher exact test was used to compare categorical data, and the Mann-Whitney U test was used for comparison of 2 groups of continuous data. As the incidence of the outcome event was >10%, relative risks (RRs) were calculated to avoid an overestimation of associations in contrast to odds ratios [16] . RRs for failure were estimated by Poisson regression with robust error variance [17] . All variables found to be significant in univariable analysis were included in the multivariable regression model. Differences were considered statistically significant at a P value of <.05. Survival analysis was by Kaplan-Meier statistics. Statistical analyses were performed with SPSS for Mac version 21.
RESULTS
In total, 173 ICUs participated in the study. The overall characteristics of participating ICUs were similar to a previously described representative sample of German ICUs (Supplementary Table 1 ) [18] . Fifty-four patients with asplenia and the same number of patients without asplenia were recruited ( Figure 1 ). Due to slow recruitment and limited funding, the study was terminated after 24 months, before the recruitment goal was reached. Two patients with asplenia were ineligible and were removed from analysis along with the corresponding patients without asplenia ( Figure 1 ).
Baseline Characteristics
OPSI patients had a significantly lower body mass index (BMI than patients with severe sepsis/septic shock without asplenia and were slightly younger without reaching a level of significance ( Table 1 ). Other demographic variables and comorbidity were similar between patients with and without asplenia, with the exception of malignancy as underlying disease, which was more frequent among OPSI patients ( Table 1 ). The frequency of uncontrolled malignancy, however, was low in both patient groups (Table 1) . A minority of the patients in boof the patients in both groupsth groups had received current or recent immunosuppressive medication or antineoplastic chemotherapy. OPSI patients tended to receive immunosuppressive therapy and chemotherapy slightly more frequently, without reaching significance levels. The median interval between splenectomy and OPSI onset was 5.75 years (interquartile range, 1-18.25 years), with a range between 1 month and 50 years. Previous episodes of infections requiring hospitalization in the period between splenectomy and study entry or in the matched time period for patients without splenectomy were similar in both groups (Table 1) .
Indication for Splenectomy
The most common reason for splenectomy was surgery because of malignancy (11 patients [21%]), followed by trauma (9 patients [17%]), therapeutic splenectomy for hematologic disorders (8 patients [15%]), and surgery for other benign pancreatic processes (6 patients [12%]) or other benign conditions (12 patients [23%]). In 5 patients, OPSI occurred in the context of splenic atrophy. Taken together, in 79% of OPSI patients the indication for splenectomy was unrelated to malignant underlying conditions.
Vaccination Status and Antibiotic Prophylaxis
Although higher than in patients without asplenia, the pneumococcal vaccination rate in patients with splenectomy and functional asplenia was only 42% (Table 1) . Vaccine coverage was 47% if only splenectomized patients were considered.
According to German vaccine recommendations valid during the study recruitment period, 30 of the 52 OPSI patients should have received a pneumococcal booster vaccination. However, only 3 of the eligible patients (10%) had actually received the vaccine booster.
Vaccination against meningococci, Haemophilus influenzae type B, and seasonal influenza was even more infrequent among OPSI patients. Few OPSI patients took daily prophylactic antibiotics prior to OPSI onset (Table 1) .
Causative Pathogens, Focus of Infection, and Initial Antibiotic Treatment At study enrollment, blood cultures were obtained from 96% of patients with asplenia and 90% without asplenia. Pneumococcal urinary antigen test was performed in 87% of OPSI patients and 79% patients without asplenia, and 16S ribosomal RNA broad-range polymerase chain reaction in 77% of patients with asplenia and 90% without asplenia. Based on the aggregated microbiologic investigations, sepsis was pathogen-defined in 73% of patients with asplenia and 63% without asplenia. In patients with bloodstream infection, a causative pathogen could be defined in 26 patients with asplenia vs 19 patients without asplenia, respectively (50% vs 37%; P = .307).
The most commonly identified pathogen in OPSI was S. pneumoniae, causing 42% of infections among patients with asplenia (vs 12% among patients without asplenia; P < .001) including 16 (vs 3) bloodstream infections (31% vs 6%; P = .002) ( Table 2 ). Details of microbiologic diagnostics of pneumococcal infection are described in the Supplementary Material.
The RR for pneumococcal disease and pneumococcal bacteremia in patients with asplenia vs patients without asplenia was The most frequent focus of infection in both OPSI patients and patients without asplenia was the respiratory tract, followed by intra-abdominal infection (Table 3) . Primary bacteremia without focus was more common and skin and soft tissue infections less frequent in OPSI than in patients without asplenia (Table 3 ). All patients received broad-spectrum β-lactams or vancomycin as part of the empiric antibiotic therapy and none of the pneumococcal isolates were penicillin-resistant (Supplementary Table 2 ).
Sepsis Severity and Length of Stay
The APACHE II score was 23 in OPSI patients and 25 in patients without asplenia (P = .069). Both OPSI patients and patients without asplenia had high Sequential Organ Failure Assessment scores at baseline, and the decline over time was similar in the 2 groups (Supplementary Figure 1 and Table 3 ). The initial rate of metabolic acidosis and levels of procalcitonin and lactate did not differ significantly between both groups of patients. The 2 groups were also similar regarding total length of stay and duration of ICU admission (Table 3) . Patients without asplenia, however, were ventilated longer than OPSI patients (Table 3) .
Ten OPSI patients developed purpura fulminans, a rate that was significantly higher than among patients without asplenia (19% vs 5%; RR, 1.74 [95% CI, 1.19-2.54]). In all OPSI patients with purpura fulminans, S. pneumoniae was isolated as a pathogen, making this complication highly prevalent among this group (45%).
Survival and Infections During Follow-up
Among both OPSI patients and patients without asplenia, 28-day mortality was 35% ( Table 3) . The mortality at 12 months was 44% for OPSI patients and 46% for patients without asplenia (Supplementary Figure 2) .
Risk Factors for Pneumococcal Infection
In univariate analysis, asplenia was associated with an increased risk for pneumococcal infection (RR, 3.67 [95% CI, 1.62-8.30]), whereas age and BMI were protective factors (Table 4 ). Other baseline variables had no impact on this outcome (Table 4) . In a multivariable Poisson regression analysis, asplenia was the only independent variable predictive of severe pneumococcal sepsis or septic shock (adjusted RR, 2.53 [95% CI, 1.06-6.08]).
DISCUSSION
The main finding of this prospective study was that S. pneumoniae remains the most frequent pathogen in the OPSI syndrome in a setting where pneumococcal vaccination rates among adult patients are low overall. Streptococcus pneumoniae was identified in 42% of patients with asplenia, most frequently manifesting as invasive disease. Asplenia was a strong and independent risk factor for pneumococcal infection in patients with community-acquired severe sepsis/septic shock. As in other cohorts of severe sepsis patients, the most frequent pathogens documented in patients without asplenia were Escherichia coli, S. pneumoniae, and Staphylococcus aureus [13, 19] .
Our findings confirm reviews of earlier studies published between 1952 and 1996 but are in contrast to results of recent population-based retrospective cohort studies from Denmark that reported S. pneumoniae in only 3% of positive blood cultures in hospitalized patients after splenectomy [4, 5, 10, 11] . These discrepancies may be explained in part by differences in definitions and inclusion criteria. Unlike the present study, the investigators b Median (interquartile range).
c A total of 16 subscores for patients with asplenia and 4 subscores for patients without asplenia were missing and substituted with a subscore of 0. d A total of 5 subscores for patients with asplenia and 3 subscores for patients without asplenia were missing. One imputation for patients with asplenia and 4 imputations for patients without asplenia were made as described in the "Methods" section. e Metabolic acidosis: pH ≤7.30 or base deficit ≥5.0 mmol/L or plasma lactate concentration ≥1.5 times the upper normal limit used in the local laboratory. f Median of Kaplan-Meier estimate (95% confidence interval).
g Missing data for 1 patient without asplenia.
h Missing data for 2 patients with asplenia and 2 patients without asplenia.
from Denmark did not restrict their analysis to patients with community-acquired severe sepsis or septic shock but analyzed all hospitalized patients with bacteremia, including those with hospital-acquired infection. Accordingly, bacteremic infection within 90 days after splenectomy accounted for 62% of all bloodstream infections documented in the Danish cohort and to some extent may reflect postoperative complications [10] . In the current study, which excluded hospital-acquired infections, only 2 of 37 culture-positive OPSI patients fell within this period.
Other factors, such as differences in the rate of pneumococcal vaccination between Denmark and Germany, may have had an additional impact on the different findings. Unlike previous studies published before 1990, when H. influenzae was the second most common pathogen in OPSI patients [4] , no such patients were found in the present cohort. Most likely this reflects the sharp decline in invasive H. influenzae serotype B infections in the general population since the introduction of the conjugate vaccine in Germany in 1990 [20] . Interestingly, we also did not identify meningococcal disease among the OPSI patients. Nevertheless, these results should be interpreted with caution, as our study was not designed and powered to analyze the frequency of H. influenzae or meningococci in OPSI patients.
Another key finding in the present study was that less than half of the OPSI patients had received prior pneumococcal vaccination despite guidelines that uniformly recommend this vaccine after splenectomy [7, 8] . Vaccination rates among splenectomized patients of 59%-88% have been reported from Scotland, the Netherlands, Denmark, and Switzerland [11, [21] [22] [23] . No specific data on the overall uptake of pneumococcal vaccine among splenectomized patients in Germany are available, but vaccine coverage for patients with high-risk conditions for invasive pneumococcal disease was only 52% in a recent survey [24] . The high proportion of pneumococcal OPSI in our cohort may be a result of poor compliance with vaccine guidelines, or possibly reflect earlier observations of an overall increased risk of nonvaccinated asplenic individuals for invasive pneumococcal disease [25] . With the limitation of small sample size, vaccination with the pneumococcal polysaccharide vaccine, however, was not a protective factor against pneumococcal sepsis in our cohort.
A noteworthy observation in our study was that OPSI occurred later than previously estimated. OPSI developed after a median of almost 6 years after splenectomy, and 70% of the infections occurred >2 years after splenectomy. Previous studies have reported mean intervals between splenectomy and first severe sepsis of only 1 or 2 years [4, 5, 10, 12] . Due to the limited length of follow-up, however, these cohort studies may have underestimated late-occurring events. Also, many studies did not exclude postoperative infections after splenectomy, potentially leading to increased incidence of infections early after splenectomy [4, 5, 10, 12] .
In the present trial, 19% of OPSI patients developed purpura fulminans, a substantially higher rate than among patients without asplenia. All cases of purpura fulminans occurred in pneumococcal OPSI, affecting 45% of patients with OPSI due to S. pneumoniae. Our findings confirm anecdotal evidence from case reports and case series [26] [27] [28] . In a retrospective analysis of 4360 patients from clinical trials of drotrecogin alfa, the incidence of purpura fulminans in severe sepsis/septic shock was only 2% [29] . In comparison, our findings suggest that in patients with invasive pneumococcal disease with purpura fulminans, diagnostic tests for hyposplenia or asplenia should be performed. Our study has limitations. Due to slow recruitment and limited funding, the study was terminated before the recruitment goal of 200 patients was reached. However, our initial sample size calculation turned out to be too conservative, and the number of patients enrolled was eventually sufficient to analyze the primary endpoint with adequate power. Because OPSI is such a rare condition, neither a formal assessment of patient screening nor measurement of the incidence of OPSI among ICU patients was feasible. Also, the intensity and quality of screening for patients meeting the inclusion criteria was not monitored, which is relevant to the representativeness of the patients included. In this regard, study physicians may have screened for a typical presentation of OPSI and may have overmatched patients without asplenia, leading to selection bias. Because our study screened only ICU patients, the trial also does not provide data on severe infections treated outside the ICU. Only a few pneumococcal isolates were sent for serotyping and further characterization. Therefore, we cannot provide data on the seroepidemiology of pneumococcal infection in vaccinated or nonvaccinated study participants. Finally, uneven losses to follow-up and different access to healthcare may constitute additional sources of bias.
CONCLUSIONS
Our study highlights the fact that OPSI remains a critical illness, and most cases are still caused by a potentially vaccinepreventable infection. Furthermore, the increased risk for infection may persist long after splenectomy. In light of these findings, more efforts should be made to improve the uptake of pneumococcal vaccination after splenectomy, enhance its efficacy, and develop vaccine strategies for lifelong protection. Growing evidence supports the use of pneumococcal conjugate vaccines, which offer improved immunogenicity and protection compared with polysaccharide vaccines [30, 31] .
